Abstract. In this paper we analyse the effects of different spatial input data resolution on water balance simulation using a simple distributed hydrological model: PCR-XAJ model. A data set consisting of land use and digital elevation model at 25 m resolution of Xitiaoxi catchment in South China is used for investigation. The model was first calibrated and validated at 50m cell size, thereafter an aggregation of the digital elevation model (DEM) and land use maps at 100 m, 200 m, 300 m, 500 m and 1 km are applied to evaluate the effects of spatial data resolution on simulated discharge. The simulation results at a grid size of 50 m show a good correlation between measured and simulated daily flows at Hengtangcun station with Nash-Suttcliffe efficiency larger than 0.75 for both calibration and validation periods. In contrast, the model performs slightly worse at Fanjiacun station. The increasing grid size affects the characteristics of the slope and land use aggregation and causes important information loss. The aggregation of input data does not lead to significant errors up to a grid of 1 km. Model efficiencies decrease slightly with cell size increasing, and more significantly up to the grid size of 1 km.
Introduction
Advanced techniques in remote sensing, geographic information systems and computer have been widely applied to distributed hydrological models in recent years. Thereby a number of large spatial data sets are employed in spatial distributed hydrological modeling. Different spatial resolution of input data can represent the heterogeneity of landscape to some extent, which may have a significant impact on the simulation results (Blöschl et al., 1997) . Thus, an approCorrespondence to: G. J. Zhao (gzhao@hydrology.uni-kiel.de) priate spatial resolution for hydrological modeling should be considered carefully (Grayson and Blöschl, 2000) .
There are numerous studies in literature, which investigated the effects of using different spatial resolution data on the results of hydrological modeling (Blöschl, 2001) . Considerable research on how grid size affects the topographic characteristics, wetness index and outflow has been carried out with TOPMODEL (Beven and Kirkby, 1979; Quinn et al., 1991; Moore et al., 1993; Bormann, 2006; Wu et al., 2008) . In general, spatial input data with higher resolution led better simulation results. However, the smaller the grid size, the higher is the amount of spatial information. Reduction of the grid size also means much more computational time and a tremendous increase in the work for data collection and processing. Although some authors reported that grid size can directly affect the simulation results, most research focused on the topological indices variation and their effects on discharge and sediments based on TOP-MODEL. Only a few studies analyzed the impacts of spatial data resolution by using other models (Wechsler, 2007) , such as the SWAT model (Chaplot, 2005; Chaubey et al., 2005; Haverkamp et al., 2005) and the Agricultural Nonpoint Source Pollution (AGNPS) (Vieux and Needham, 1993) .
The objective of this paper is to develop a raster-based hydrological model: the PCR-XAJ model and assess the effects of different spatial data resolution on discharge simulation. The Xitiaoxi catchment, a humid semitropical catchment, was selected for this study. The PCR-XAJ model calculates the water balance in both the mountainous and flat sub catchments.
Study area
The Xitiaoxi catchment is located in the upper reaches of Tai Lake basin (Fig. 1) , in South China. It covers more than (1979-1988). in the upper reaches areas are covered with forest. About three quarters of this area is bamboos. About 25% of the catchment is paddy land, which lies in the low alluvial plains. A portion of about 4% of the area is fallow land, 1.8% is covered by urban area and the other land uses are grassland and bare land. Two reservoirs (Fushi and Laoshikan) located in the upper reaches of the catchment are primarily used for flood control in rainy season. There are 75 polders in the lower reaches of the Xitiaoxi catchment, which are enclosed by embankments and form artificial hydrological entities.
The catchment is characterized by a semitropical climate with mean annual rainfall of about 1465 mm. The distribution of river runoff in the Xitiaoxi catchment is mainly controlled by rainfall (Fig. 2) , which is dominated by the Asian summer monsoon.
Detailed climate and hydrological data collected from 1978 to 1988 for the Xitiaoxi catchment are provided by Huzhou Hydrological Bureau, Zhejiang Province. Daily precipitation data sets are available for 8 rain gauging stations within the Xitiaoxi catchment (Fig. 1 ). Among these stations, the Fanjiacun station and Hengtangcun station are also the streamflow gauging stations with continuous streamflow records. The land use and land cover maps for the year 2001 and DEM at 25×25 m horizontal resolution for the catchment are provided by Huzhou Bureau of surveying and mapping, Zhejiang Province.
To estimate the impact of the spatial data resolution on simulated catchment discharge, the available data set of 25m resolution was aggregated using standard GIS functions to create grid based data sets of increasing grid size: 50 m, 100 m, 200 m, 300 m, 500 m and 1 km. Thereafter, the spatial data sets (e.g. land use, channel) were systematically aggregated applying the same aggregation methods. Subsequently, the PCR-XAJ model was applied to investigate the impacts of data aggregation.
Hydrological modelling
The simple raster-based PCR-XAJ model is so called because it is implemented within PCRaster and conceptually based on Xinanjiang model (Wesseling et al., 1996) . Figure 3 shows its structure. The model simulation is based on grid calculation. Once the grid size is fixed, all the maps will be calculated at this scale for daily step. As shown in Fig. 3 , DEM and river channels are used to create a local drainage direction map according to the D8 algorithm (O'Callaghan and Mark, 1984) , which calculates the water flow directions. The actual evapotranspiration is calculated based on the concept of one layer evaporation method in Xinanjiang model (Zhao, 1992) . Precipitation and evaporation time series are interpolated with inverse-distance weighting (IDW) to predict daily discharge. The land uses were reclassified in four types i.e. paddy, water-body, urban area and forests for runoff calculation. As a simplification, the relatively small areas of grassland and bare land are assumed to behave in a similar way as forests regarding runoff formation. The runoff generation component of the Xinanjiang model (Zhao, 1992 ) is used to estimate the surface runoff and groundwater in the catchment for each grid. Both the overland flow and channel flow are calculated by kinematic wave equation. The polders and reservoirs are considered as points in the simulation (van der Knijff and de Roo, 2008 ).
The Xinanjiang model has been widely applied in humid and semi-humid areas in South China (Zhao, 1992) . The Xinanjiang model is a well-known lumped model, characterized by the concept of runoff generation on repletion of storage, which means that runoff is not generated until the soil moisture content of the aeration zone reaches maximum capacity, and thereafter runoff equals the rainfall excess without further loss (Su et al., 2003) . The runoff is separated into two components: the surface runoff and groundwater, according to their generating levels in the vertical profile. More details were described by Zhao et al. (1980 Zhao et al. ( , 1992 .
The model was calibrated and validated for the whole catchment at both Hengtangcun (1307.6 km 2 ) and Fanjiacun (1913.5 km 2 ) stations at the 50 m grid size due to a limitation in the number of computational units by using PCRaster. Calibration period at Hengtangcun station is from 1979 to 1983, Fanjiacun from 1980 to 1983, and the validation periods are both between 1984 and 1988. For all different grid sizes (100 m, 200 m, 300 m, 500 m, 1 km) derived from the original data sets, continuous water balance simulations from 1978 to 1988 were performed without a recalibration of the simple model. All the spatial data (DEM, land uses and their derivative data such as slope, Manning's roughness) were adapted to the same resolution correspondingly.
Results and discussions

Model performance
The model efficiencies according to the Nash-Suttcliffe index (NS) (1970), the correlation coefficient (R 2 ) and the root mean square errors (RMSE) were calculated at daily resolution to evaluate the hydrological model performance. Figure 4 shows the hydrographs of the measured and simulated discharge at Hengtangcun and Fanjiacun stations. Both of them illustrate that some peaks of the modeled values are much higher than the measured discharge, while the simulated values are lower after the peaks. This may be caused by the two reservoirs, which are located in the upper reaches of the catchment. The reservoirs are used for irrigation during dry season and flood control during rainy season. This also explains some missing peaks in the modeled data during dry season. Table 1 shows model efficiencies for calibration and validation at the two gauges. The calibration results show a good correlation between measured and simulated daily flows at Hengtangcun station. This is demonstrated by the correlation coefficient (R 2 = 0.82) and Nash-Suttcliffe simulation efficiency (NS = 0.77) values. For validation, the NS was found to be 0.81 and R 2 0.86, which is in a very good agreement with the observed discharge, and the RMSE is much lower than that for the calibration period. Comparably, the simulated results at Fanjiacun station are slightly worse than at Hengtangcun station. The correlation efficiencies for daily discharge are of moderate quality (0.71 for calibration, 0.76 for validation). The NS values of 0.62 and 0.67 during the two periods, though relatively lower, are acceptable as these values are larger than 0.5 (Santhi et al., 2001a) . However, the values of the RMSE are much higher during the two periods at Fanjiacun station. The polders connect with outside streams through manoperated devices, and the water fluxes are adjusted manually. These artificial hydrological entities are used for agricultural irrigation and flood control, which is a great challenge for water flux calculation in hydrological simulation. Additionally, the return flow from Tai Lake leads to some negative discharge values at Fanjiacun station, which can not be estimated by our hydrological model. Over the years 1980 to 1988, there is a negative discharge occurring at an average of 15.2 days per year. This may causes the higher RMSE in Fanjiacun station.
The model efficiencies at Fanjiacun station are slightly worse; however, the simulation results demonstrate that the simple hydrological model can successfully simulate water balance at regional scale in the wet subtropical area based on Xinanjiang concepts. 
Effects of spatial resolution changes on simulated discharge
The evaluation results, shown in Fig. 5 , reveal that model efficiencies do not decrease significantly for most of the grid sizes at both gauges. Up to a grid size of 500m the model efficiencies remain almost constant. At a grid size of 1km the simulation results change evidently at Hengtangcun station. As shown in Fig. 5 , the correlation coefficient (R 2 ) during the validation period for the 1 km grid size (0.68) is much lower than that for 500 m (0.76). In contrast, the model efficiencies at Fanjiacun station decrease slightly with increasing grid size, but the changes are not obvious (Fig. 5) . In general, the increasing resolution of spatial input data can slightly improve the model results. The comparable results were also found by other researchers (Booij, 2005; Bormann, 2006) . Additionally, our simulation results indicate that the effects of spatial resolution in the hilly region are more sensitive than in flat region. This may be attributed to the slope smooth. Figure 6 reveals the annual runoff deviations between simulated and observed discharge in dry (1985), normal (1980) and wet (1983) years. It can be obviously seen that the simulated runoff is near 10% lower than the observed values at all grid size in 1983 at Hengtangcun station (Fig. 6a) . In contrast, significant deviations only occur at 1km grid size in the other two years (Fig. 6a) , and similar results can also be found at Fanjiacun station (Fig. 6b) . In general, annual runoff deviations do not change significantly up to a grid size of 1km in both sub catchments.
The above analysis indicates that both the model efficiencies and simulated runoff changed with increasing grid size, which may be caused by the slope smoothness and land use aggregation. Increasing the grid size leads to a smoothed surface of elevation and therefore to a decreased mean slope as well as the standard deviation of the slope (Fig. 7) . Comparably, the slope and standard deviation in Hengtangcun sub catchment decrease much more significantly with grid size increasing. Consistent with previous finding from Chaubey et al. (2005) , our research confirmed that a finer data resolution resulted in higher slope.
The effects of aggregation on the land use fractions are shown in Fig. 8 . It indicates that the aggregations do not play an important role up to a grid size of 1 km in Hengtangcun sub catchment. Significant deviations for paddy and urban area, especially forest were found at the 1 km level which may have an influence on the model efficiencies (Fig. 8a) . For Fanjiacun sub catchment, significant changes in land use fractions can be observed for paddy land at almost all grid sizes (Fig. 8b) . In addition, the changes in most land use types are more significant at 1km grid size, which is consistent with the model efficiencies and annual runoff changes.
Although the slope smoothness and land use aggregation influence the simulation results and model efficiencies, other catchment properties (e.g. roughness coefficients, channel width) can additionally contribute to that. Thus, simulations results are related to all spatial data sets, and the data aggregation therefore would affect all the spatial data sources.
However, one difficult issue is to quantify the effects of these factors on simulation results. Bormann (2006) proposed a correlation analysis between statistics of input data and simulated annual water fluxes. He found that predominantly the correlation between catchment properties and simulated water flows varies from catchment to catchment, and catchment specific properties determine correlations between properties and fluxes, but do not influence the effect of data aggregation.
Conclusions
In this study, the PCR-XAJ model was applied in Xitiaoxi catchment for different spatial resolutions of all spatial input data. The simulation results present a good agreement with the observed values. The Nash-Sutcliffe index of 0.77 for calibration and 0.81 for validation period at Hengtangcun station is satisfactory. For Fanjiacun station, the results are slightly worse, which may be caused by the polders and return flow from Tai Lake in the lower reaches of Xitiaoxi catchment.
Hydrological simulation for two sub catchments was implemented for evaluation the effects of spatial data resolution. The results show that an aggregation of input data does not lead to significant errors up to a grid size of 1 km. Land use aggregation causes significant information loss from a grid size of 500 m to 1km, which leads to a large deviation in water balance simulation. Both mean slope and standard deviation decrease significantly with cell size increase in two sub catchments.
In general, this study shows that the higher the input data available, the better the simulation results can be obtained, but the trends are not always obvious. The model efficiencies do not get significantly worse up to spatial resolution at 1km cell size and the results also depends on the watershed response of interest.
